The effects of intravenous injections of aminophylline on the coronary blood flow, cardiac oxygeni consumption, cardiac work, and cardiac rate were studied by catheterization of the right ventricle and coronary sinus in anesthetized dogs. There was no substantial increase in coronary flow when cardiac activity increased following injection of the drug; this suggested that the oxygenation of the myocardium in general was not improved. Further studies on coronary blood-oxygen saturations substantiated this concept as pertaining to the infarcted heart of dogs as well as the normal. Nitroglycerin however increased general my-ocardial oxygenation in normal hearts. I N AN earlier publication from this labora-tory5 it was pointed out that an estimation of the probable therapeutic value of a coronary vasodilator drug requires more information than simple measurements of coronary blood flow and arterial pressure. More specifically, a consi(Ierable (average 45 per cent) increase in coronary blood flow following large doses of nikethamide in dogs proved, upon analysis by methods now available for the purpose, to be due mainly to a decrease in mechanical efficiency of the myocardium, for which the coronary vasodilation provided only partial and imperfect compensation. It was concluded that the drug had a deleterious effect upon the heart even though it increased coronary flow and cardiac output while leaving the cardiac rate almost unchanged and lowering the mean blood pressure. The present paper reports the results of a similar study with aminophylline which is used even more widely than nikethamide for the purpose of increasing coronary blood flow.
The effects of intravenous injections of aminophylline on the coronary blood flow, cardiac oxygeni consumption, cardiac work, and cardiac rate were studied by catheterization of the right ventricle and coronary sinus in anesthetized dogs. There was no substantial increase in coronary flow when cardiac activity increased following injection of the drug; this suggested that the oxygenation of the myocardium in general was not improved. Further studies on coronary blood-oxygen saturations substantiated this concept as pertaining to the infarcted heart of dogs as well as the normal. Nitroglycerin however increased general my-ocardial oxygenation in normal hearts. I N AN earlier publication from this labora-tory5 it was pointed out that an estimation of the probable therapeutic value of a coronary vasodilator drug requires more information than simple measurements of coronary blood flow and arterial pressure. More specifically, a consi(Ierable (average 45 per cent) increase in coronary blood flow following large doses of nikethamide in dogs proved, upon analysis by methods now available for the purpose, to be due mainly to a decrease in mechanical efficiency of the myocardium, for which the coronary vasodilation provided only partial and imperfect compensation. It was concluded that the drug had a deleterious effect upon the heart even though it increased coronary flow and cardiac output while leaving the cardiac rate almost unchanged and lowering the mean blood pressure. The present paper reports the results of a similar study with aminophylline which is used even more widely than nikethamide for the purpose of increasing coronary blood flow. ON An experimental procedure consisted of a control period and a period of reaction to an intravenous, injection of Aminophvlline, U.S.P. Each period begain with a measurement of cardiac output of 5 to 7 minutes duration followed by the usual 10 minute estimation of coronary flow. An interval of approximately thirty minutes was necessaryI etween the control period and the period of reaction to (Irug injection to allow the animal to eliminate the nitrous oxide previously Iespired.16 Followsing this thirt minute interval, Solution Aminophylline U.S.P. in a dosage of 4 mg. per kilogram was injected into a saphenous vein over a one minute perio(l. As soon as the blood pressure stabilized (one to three minutes), the second set of measurements wals made; four complete experiments were performed. Five control experiments were similarly performed except that no drug was injected.
I. EFFECT OF AMINOPHYLLINE
Results. The data in table 1 include all measurements of the completed drug action experiments. Table 2 summarizes the mean values of important cardiac functions and the mean changes in control experiments as well as the completed drug action experiments.
The most significant changes produced by aminophylline (table 2) are the increases in cardiac output and cardiac work along with a decrease in peripheral resistance. With no significant compensatory increase in coronary blood flow, an increased cardiac oxygen consumption was observed; there was a tendency toward a drop in coronary venous oxygen con-Circulation, Volume I1, August, 1950 tent, but this was not large enough to be significant in this small series.
The mean arterial blood pressure showed no remarkable change, but the cardiac rate increased sufficiently to be approaching the level of a significant change. Coronary resistance (expressed as the mean arterial pressure required to force 1.0 ml. of blood through 100 Gm. of myocardium per minute) showed a tendency to decrease, in contrast to control experiments where it increased.
Comment. The most striking effects of aminophylline in these experiments-increases in cardiac rate, output, and work, and a decrease in peripheral resistance-are similar to the findings of other workers.2' 5, 25 The additional data pertaining to coronary flow and cardiac oxygen consumption suggest that both are increased by the drug, but the latter more so than the former; this indicates that the increase in coronary flow produced by aminophylline, like that of nikethamide,5 is insufficient to meet the increased oxygen requirements of the myocardium. This conclusion would be firmly established if there were a stable base line from which to measure the drug effects, but the nature of the experiment precludes this. The necessity for an interval of twenty to thirty minutes between the control estimations and the drug administration, the withdrawal of approximately 80 ml. of blood for each period of measurement, the presence of anesthesia by an agent (pentobarbital) which has a relatively brief narcotic effect and the ability to stimulate cardiac rate and output, all tend to produce changes which may simulate, modify, or obscure the effects of the drug. Our attempts to circumvent this difficulty by repeated control estimations without any drug were less successful than anticipated because the absolute values for most of the important functions studied were at a higher level than in the drug experiments; while these discrepancies probably would disappear in a large series of experiments of both types, the obstacles set by the long duration and considerable blood withdrawal would remain.
For these reasons, we decided to attempt to secure valid information on the nature of the effect of aminophylline on the myocardiim-whether beneficial or harmful-by a procedure that avoids the necessity for prolonged pauses between observations and for withdrawal of large amounts of blood. The procedure chosen was simple estimation of the coronary arteriovenous oxygen difference.
II. EFFECT OF AMINOPYLLINE ON THE CORO-N NARY ARTERIOVENOUS OXYGEN DIFFERENCE
Methods. Dogs weighing from 17 Kg. to 27.2 Kg, were anesthetized with 12 mg. per dog of morphine sulfate followed by an intravenous injection of pentobarbital sodium, 30 mg. per Kg. An endotracheal tube was inserted to insure free respiratory exchange; a small catheter within the endotracheal tube was used to deliver a gentle stream of 100 per cent oxygen to the lungs in addition to exchanges of room air during the respiratory depression of early anesthesia, Coronary sinus catheterization was accomplished by the technic of Goodalel4; a slow drip of heparinized. saline (20 mg. heparin in 1 liter of saline) was passed through the catheter. This catheter with drip was connected to a manifold of stopcocks to permit. anaerobic collections of coronary venous blood. Arterial puncture was performed and connected likewise to another manifold; this system was originally filled with heparin solution (10 mg. per ml.) to avoid clotting. When arterial samples were not being collected, continuous estimations of mean arterial blood pressure were possible by means of a damped mercury manometer connected to the manifold. Electrocardiographic records were made of conventionallimb leads and occasional chest leads.
Approximately one and one-half to two hoursafter administration of pentobarbital sodium, blood sampling from the femoral artery and the coronary sinus was performed simultaneously at the rate of 1.0 ml. every ten seconds. During the first and fourth minutes of an experimental run, 6.0 mlI samples of blood were collected for controls. Following this, either physiologic saline or Solution Aminophylline U.S.P. (4.0 mg. per Kg.) was injected into a, superficial leg vein during a one minute period. Sampling was repeated during the first minute after the injection and every fourth minute thereafter until three or four post-injection samples were obtained.
Blood samples were analyzed for oxygen content by the manometric method of Van Slyke and Neill.2& Each sample was also analyzed for oxyhemoglobin by the Evelyn colorimetric method,8 and an estimation of oxygen capacity in volumes per cent made by multiplying the grams of oxyhemoglobin by the factor 1.34. Saturations could then be calculated by the ratio of content to capacity. A-V oxygen unsaturation would arise by chance less often than once in a hundred trials (see "t" values in table 4).
Results. Our control experiments with saline injections show a slight variation in the oxygen
No attempt was made to estimate cardiac output and work during these experiments; however, observations of changes in blood pressure and pulse rate were suggestive that cardiac work was increased following the injection of aminophylline; 6 of 8 dogs demonstrated a rise in pulse rate and a similar number showed a slight rise in blood pressure during the period of reaction (see in the drug action experiments these samples represented the period of maximum changes. In six saline control experiments, the mean changes following injection were an increase of 0.5 per (ent in arterial oxygen saturation, a decrease of 2.6 per cent in coronary venous oxygen saturation, and hence, an increase of 3.1 per cent in the A-V unsaturation. In eight experiments in which aminophylline was injected, the significant mean changes between the two periods were a decrease of 12.5 per cent in coronary venous oxygen saturation and an increase of the A-V difference or oxygen unsaturation of 12.0 per cent. The mean differences between the two series of experiments are therefore a decrease of 9.9 per cent in the saturation of coronary venous blood and an increase of the A-V unsaturation of 8.9 per cent; these differences are statistically significant w-hen the "t" test for a small series is applied.* The mean differences in the control versus the aminophylline series for both the coronary enous oxygen saturation and the III. EFFECT OF AMINOPHYLLINE ON CORONARY A-VI OXYGEN DIFFERENCE IN MYOCARDIAL INFARCTION Since the experiments with normal dogs demonstrated that aminophylline had failed to increase the coronary blood-oxygen supply in relation to cardiac demands, the question immediately arose whether this same response would be obtained in the infarcted heart of the dog. A small series of animals was therefore prepared and studied.
Methods. Dogs weighing 1] to 22 K. were anesthetized with ether under a closed pressure system, and the heart was exposed by a transthoracic approach. After topical applications of procaine to the mvocardium, the major trunk or a branch of the anterior descending coronary artery was dissected free and ligated with silk sutures. The chest was then difference between means Results. Fourteen animals were subjected to ligation; four died postoperatively. Of the ten surviving operation, two died at time of ca-apex, the anterior wall, and the adjacent parts of the septum; approximately 10 to 15 per cent of the total muscle mass of each heart showed infarction. At the time of the drug study, electrocardiograms revealed changes compatible with the diagnosis of acute or subacute myocardial infarction.
Of the three dogs sacrificed in the chronic period of infarction (twenty-eight to thirtyseven days), two dogs (T and P) demonstrated theterization studies-one from anesthesia and complicating pleural effusion, and one presumably from ventricular fibrillation during catheterization. Eight dogs survived the study with the results as shown in table 6. Three of these animals were subjected to a second catheterization approximately twenty-eight to thirtyseven days following ligation. All animals were sacrificed within twenty-four hours of the final experiment, and the hearts were studied for pathologic changes. Five dogs sacrificed during the acute phase of myocardial infarction demonstrated gross necrotic lesions which involved the left ventricular thinning of the left ventricular wall and scarring. The third dog (V) demonstrated a recanalized thrombus in a lateral branch of the anterior descending coronary artery with no gross changes in the myocardium; the electrocardiogram revealed marked RS-T segment elevations and T-wave inversions in Lead I and in the precordial leads at the time of both early and late experiments.
The coronary venous oxygen saturation was observed to fall during the period of four to eight minutes following the intravenous administration of aminophylline in all of the experiments; the mean change in saturation was
Dog
Cor. V. 02 Change Change a decrease of 9.2 per cent from a level of approximately 30 per cent. The arterial saturation was less stable than in the normal dogs, and two dogs showed a moderate decline of arterial saturation during the experimental period. The A-V difference or oxygen unsaturation was increased by aminophylline in seven of the eight acutely infarcted hearts; the mean change was an increase of 6.6 per cent from levels of approximately 60 per cent unsaturation. These changes are in the same direction as those which followed the intravenous injection of aminophylline in dogs with normal hearts.
IV. EFFECTS OF NITROGLYCERIN ON CORONARY VENOUS OXYGEN SATURATION IN NORMAL DOGS
When we found that the results of intravenous aminophylline injections were rather uniformly opposite to the anticipated reactions of an ideal coronary vasodilator, we thought it worth while to make similar observations with nitroglycerin, which enjoys long standing clinical approval.
Methods. The same procedure was followed as in Part II except that no saline experiments were per- These changes in oxygen saturation were not accompanied by an elevation in blood pressure which was observed at a mean level of approximately 86 mm. Hg pressure. There was a small increase in pulse rate of a beats per minute from a mean rate of 123 beats per minute.
The three animals in which a second drug study was performed in the chronic stage of infarction showed a more marked fall in coronary venous oxygen saturation and the response in general was more like that of the normal dogs. formed; data needed for comparison to the saline experiments were taken from the results of Part II. A solution of nitroglycerin which was freshly prepared by diluting U.S.P. tablets, injection, in saline was injected for the drug study.
Results. In the first two experiments with nitroglycerin, 0.3 mg. of the drug was injected intravenously over a period of one minute. This dosage barely produced a 5 mm. Hg fall in the mean arterial blood pressure but was associated with cardiac acceleration of approximately 40 beats per minute in the immediate Dog Mean T p V Mean ...... postinjection period. Since the coronary venous saturation did not rise more than 5 per cent in the same period, it seemed advisable to use a larger dosage.
Six animals were studied with a dosage of 0.6 mg. of nitroglycerin injected intravenously. A period of one minute was again used for the injection time. The most significant change in the coronary venous saturation occurred during the first minute which followed the completion of the injection; at this time, a mean rise of 10.7 per cent in the coronary venous oxygen saturation was observed from a mean control level of 25.0 per cent. The coronary A-V difference or unsaturation decreased from 60.3 per cent to 48.7 per cent. When compared with the changes in the saline control experiments injection. During the first collection perliol, it was slightly lower at 180 beats per minute; by the fifth to eighth minutes after injection, the pulse had reached a mean level of 152 beats per minute.
In comparison with aminophylline, nitroglycerin produced the opposite change in the coronary venous oxygen saturations and the estimated tensions; the increase in the coronary venous blood oxygen saturation with nitroglycerin occurred in the period in which blood pressure was effectively reduced and presumably when cardiac work was decreased. Aminophylline decreased the coronary venous oxygen saturation, and this occurred at the time when blood pressure was increased and presumably when cardiac work was increased. for the same postinjection period, the difference between the two mean changes is highly significant. See table 7. The mean arterial blood pressure before the injection of nitroglycerin was 144 mm. Hg; during the injection the mean maximum drop was 26 mm. Hg, but by the end of the first collection period (one minute following the completion of the injection), the blood pressure had recovered to a level only 7 mm. Hg below the mean control level. Between five and eight minutes after injection, the blood pressure had returned to a mean level of 141 mm. Hg. The injection of nitroglycerin was also accompanied by an increase in cardiac rate; from a control level of 137 beats per minute, the pulse increased to 191 per minute during the DiscussIoN Drugs which have been shown in laboratory preparations to have vasodilating properties for the coronary circulation may lee roughly divided into two groups: (a) those which in addition to their vasodilating properties, also have stimulating effects upon the myocardium and thereby increase cardiac work; (b) those which also tend to decrease the work of the heart which is chiefly accomplished by peripheral vasodilatation with decreased peripheral resistance. Aminophylline and nikethamide are examples of the former group while the nitrites are the chief example of the latter.
The heart seems to follow Barcroft's dictum that there cannot be an increase in activity of an organ without an accompanying increase in oxygen uptakel 13 17 23 ; an ideal coronary vasodilator should therefore increase coronary flow, decrease cardiac work, or at least increase oxygen supply to the myocardium in excess of the increase or change in oxygen demand. At present the closest approach to this ideal is found in the nitrites.
The use of aminophylline, a cardiac stimulant, to obtain an increase in coronary circulation has been given considerable clinical trial, but there is lack of agreement as to its effec-tiveness1 2, 3, 7, 9-12,18, 19, 21 22, 24, 297-9; this disagreement obviously results from the difficulty of obtaining adequate and simple objective measurements of coronary flow in man.
Under the conditions of the experiments with intact anesthetized dogs, our findings reported in Part I indicate that there +Xas no significant increase in mean flow in spite of an increase in work of the heart; this suggested that the myocardium was less well oxygenated for increased w-ork levels resulting from the injection of the drug uminophylline. The findings in Parts II and III strengthen this belief. The intravenous injection of aminophylline lowered the coronary venous oxygen saturation and tension in the normal dog heart and in the heart with myvoeardial infarction; this reflects the failure of oxygen supply to meet the oxygen demand. Although work was not measured diwectly, changes in blood pressure and cardiac rate suggested that the same stimulant action which was observed and measured in the first group of experiments increased cardiac activity in the study of coronary venous blood oxygen changes. It thus appears that aminophylline does not improve oxygenation, but that it intensifies the existing tissue demands for oxygen in excess of the supply provided by the coronary blood flow. This appears to be true both in the normal and infarcted heart of the dog.
With these findings, it is of interest to speculate whether the infarcted zone is responsive to the stimulating properties of aminophylline. If the infarcted area is viable to any degree and capable of responding to stimulation, it seems unlikely that an augmented flow could be produced by aminophylline without increasing myocardial metabolism and oxygen demands. If the infarcted zone is nonresponsive, it is possible that it may benefit indirectly by increased flow in chollate a channels. These locaL metabolic changes within the infarcted zoneseem to be of sufficient importance to warrants further investigations which are being considered.
S1UMM1.ARY
The effects of intravenous aminophylline on' the coronary circulation with special reference to the oxygen requirements of the heart were studied by methods of catheterization in intact anesthetized dogs with normal and infarcte& hearts.
By use of the nitrous oxide method of measuring the coronary blood flow, no significant change in coronary blood flow was observed following the injection of clinical doses of aminophylline in normal (logs; this failure to increase flow was reflected in an increased coronary A-V oxygen difference and accompanied by increases in cardiac wvork and oxygen uptake.
A second series of experiments, designed to demonstrate the failure of aminophylline to increase oxygen delivery to satisfy oxygen requirements, was performed with catheterization of the coronary sinus and blood-oxygen saturation studies. Following injections, the coronary A-V unsaturation in normal dogs increased 12 per cent; this oc(curre(l with a lowering of the coronary venous oxygen saturation and estimated oxygen tension. A loweling of 9 per (cent saturation in coronary venous saturation oceurred in animals with infareted hearts following administration of the drug; this was observed with a 6.6 per cent increase in the coronary A-V oxygen difference.
In contrast, intravenous nitroglycerin in normal hearts effectively raised the oxygen saturation of coronary venous blood by 11.9 per cent during the phase of maximal depression of blood pressure.
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